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The sea urchin sperm cell is an advantageous model for studying ligand-mediated exocytosis. Sperm can be obtained in vast
quantities and induced to undergo exocytosis of the acrosomal vesicle with great synchrony. During sea urchin fertilization,
egg jelly (EJ) triggers the sperm acrosome reaction (AR) which is required for sperm binding and fusion with the egg.
Uncertainty exists as to the exact biochemical nature of the AR inducer. The following study was performed in an attempt
to clarify the nature of the inducer. EJ from individual females (Strongylocentrotus purpuratus) was analyzed on SDS±PAGE
gels. Each female had a unique composition of EJ macromolecules, but all females possessed the previously described fucose
sulfate polymer (FSP). Two electrophoretic isotypes of FSP were discovered; 87% of females had only one isotype and 13%
had both. Both FSP isotypes bound to the REJ protein (receptor for egg jelly) puri®ed from sperm. The two FSP isotypes had
almost equal potency in inducing the AR. EJ was fractionated by DEAE chromatography in 6 M urea/4% b-mercaptoethanol.
All AR-inducing activity coeluted with FSP. FSP, puri®ed by trypsin digestion followed by dialysis, was twice as active as
the non-trypsin-digested control at inducing the AR. EJ was digested with proteinase K, boiled in detergent andb-mercaptoeth-
anol, and subjected to sucrose density gradient sedimentation. The FSP and AR activity had superimposable sedimentation
patterns. Puri®ed FSP had no associated peptide component. Sperm from individual males differed in the concentration
dependency of puri®ed FSP to induce the AR. The data indicate that the 138/82 kDa EJ glycoproteins, previously thought to
act as AR inducers, do not appear to be involved in triggering the AR. The data are consistent with the hypothesis that FSP
is the only inducer of the AR of this sea urchin species. q 1997 Academic Press
INTRODUCTION sperm cells can be obtained in vast quantities and the AR
occurs in seconds when EJ is added.
The identi®cation of the AR inducing molecules in EJ hasSea urchin eggs are surrounded by a transparent jelly coat
remained elusive. SeGall and Lennarz (1979) analyzed EJwhich dissolves in pH 5 seawater (SW).1 Solubilized egg jelly
from four sea urchin species and found 20% was a sialogly-(EJ) has potent effects on sperm physiology (reviewed in
coprotein and 80% a fucose sulfate polymer (FSP); AR-in-Darszon et al., 1996; Foltz, 1995; Garbers, 1989; Schack-
ducing activity fractionated with the FSP. They found FSPmann, 1989; Suzuki, 1995). EJ activates sperm ion channels
was a species-speci®c AR inducer and concluded that sugarthat induce the acrosome reaction (AR) which is required for
linkages and/or patterns of sulfation must confer FSP's spe-fertilization. The AR consists of exocytosis of the acrosomal
cies speci®city of AR induction (SeGall and Lennarz, 1979,vesicle and polymerization of acrosomal actin to form the
1981).®nger-like acrosomal process (Tilney, 1985) coated with the
Other studies of EJ suggested the AR inducer was a com-adhesive protein bindin (Vacquier et al., 1995). The AR not
plex of FSP and tightly bound glycoproteins, and that bothonly is indispensable for fertilization, but it also provides a
components were necessary for AR-inducing activity. Forunique model for studying ligand-mediated exocytosis. The
example, pronase digestion of EJ resulted in 50% reduction
in AR-inducing activity (Ishihara and Dan, 1970). Further-
more, the sperm-activating peptides of EJ (speract) enhanced1 Abbreviations used: AR, acrosome reaction; EJ, egg jelly; FSP,
the potency of FSP to induce the AR (Yamaguchi et al.,fucose sulfate polymer of egg jelly; REJ, receptor for egg jelly; SW,
seawater. 1989; Hoshino et al., 1992). In one study, protease digestion
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30,000g for 30 min. The resulting supernatant, termed ``whole EJ,''completely destroyed EJ as an AR inducer (Mikami-Takei
was stored at 0207C.et al., 1991).
Acrosome reactions were quantitated as described (Vacquier,Our laboratory showed that EJ of Strongylocentrotus pur-
1986). Brie¯y, 15±25 ml SW with EJ, or EJ fractions, was placed in apuratus retained its AR-inducing activity after boiling in
1.5-ml microfuge tube. Fresh (undiluted, ``dry'') sperm were dilutedSDS and b-mercaptoethanol, suggesting the inducer was
1:200 in fresh seawater buffered with 10 mM Hepes±SW (pH 7.9)
carbohydrate and not protein. Silver staining of SDS±PAGE and an equal volume (15±25 ml) mixed with each sample (20±237C).
gels of whole EJ revealed several macromolecules ranging After 5 min, twice the volume of 5% v/v glutaraldehyde in SW
from 20 to 380 kDa (Keller and Vacquier, 1994). EJ glycopro- was added. A 5- to 20-ml sample was placed on a slide, a coverslip
teins of 138 and 82 kDa were isolated which possessed AR- was added, the liquid was removed by a hard thumb squash, and the
cells were observed at approximately 12001magni®cation using oilinducing activity. In contrast to earlier work (SeGall and
immersion phase-contrast microscopy (Vacquier, 1986).Lennarz, 1979), we reported that puri®ed FSP had no AR-
Electrophoresis. Samples of EJ, mixed with an equal volumeinducing activity (Keller and Vacquier, 1994).
of Laemmli sample buffer (Laemmli, 1970), were separated by twoRecent work on sea urchin EJ (Alves et al., 1997) supports
SDS±PAGE gel systems (both with 0.1% SDS throughout). Onethe original work by SeGall and Lennarz (1979), and indi-
utilized a 2.5±15% gradient of polyacrylamide with a 2.9% stackercates that FSP, puri®ed by modern methods, is the AR in-
gel. The other system used a 5% polyacrylamide gel with half the
ducer. These workers found the puri®ed FSPs from different normal amount of bis-acrylamide, a 3.25% stacker gel, and 1.5 g
sea urchin species had species-speci®c patterns of fucose Tris/7.2 g glycine per liter of electrophoresis chamber buffer (pH
sulfation; these structural differences appear to be the 8.4). Gels were stained with silver (Morrissey, 1981) or toluidine
chemical basis for the species-speci®c induction of the blue. For toluidine blue staining, gels were soaked overnight in 500
ml 7% acetic acid/10% methanol, followed by staining 3 h in 0.1%sperm AR (Alves et al., 1997).
w/v toluidine blue in 7% acetic acid/10% methanol and destainingIn addition to attempting to identify the AR inducer in
in distilled water.sea urchin EJ, we were also engaged in the identi®cation of
DEAE chromatography and protease digestion. Samples of EJsperm membrane proteins involved in signal transduction
were digested overnight (377C) with 0.1 mg/ml crystalline pancre-events triggering the sperm AR. Recently, we identi®ed and
atic trypsin (Sigma Chemical Co., St. Louis, MO), or molecularcloned a 210-kDa S. purpuratus sperm membrane glycopro-
biology grade proteinase K (Sigma) in SW containing 10 mM NaN3/tein termed ``REJ'' (receptor for egg jelly; Moy et al., 1996). 1% b-mercaptoethanol. Samples which had (and had not) been di-
Data suggest that REJ is a major sperm membrane protein gested were dialyzed into 10 mM NaCl/10 mM NaN3/10 mM Mes
involved in AR induction. Monoclonal antibodies to REJ (pH 6.0, ``column buffer''). Following dialysis, solid ultrapure urea
induce the AR; induction can be blocked by soluble REJ was added to a ®nal concentration of 6 M and b-mercaptoethanol
to 4% v/v. Samples were heated 707C for 30 min, centrifuged(Moy et al., 1996). REJ contains two 120-residue carbohy-
30,000g for 30 min, and applied to a 5-ml bed of DEAE-cellulosedrate recognition domains (CRDs), suggesting it is a carbo-
(Whatman DE-52; column diameter, 15 mm). The column washydrate binding protein. REJ was puri®ed from sperm, cou-
washed with 250 ml column buffer containing 6 M urea/4% b-pled to agarose beads and EJ applied to the af®nity column.
mercaptoethanol. For the ``large volume'' elution protocol, whenAfter washing, the only molecule to elute from REJ±Af®gel
the object was to obtain pure FSP, 100 ml of each increasing salt
in high salt was FSP. When dialyzed into seawater, the REJ concentration was used at 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 M
af®nity-puri®ed FSP was a potent AR inducer. This additional NaCl added to column buffer containing 6 M urea/4%
prompted us to reexamine our previous data (Keller and b-mercaptoethanol. Following the 0.7 M wash, 1-ml portions of 2
Vacquier, 1994, 1995) and led to the study reported herein. M NaCl in column buffer with urea and b-mercaptoethanol were
applied to the column to elute the puri®ed FSP. For the ``smallIn support of others (SeGall and Lennarz, 1979, 1981; Alves
volume'' elution protocol, two 1-ml portions of increasing NaClet al., 1997), we now conclude that FSP binds REJ and is
concentrations were applied to the column at each NaCl molaritythe major, if not the only, AR inducer in sea urchin EJ.
given above, plus molarities of 1.0, 1.25, 1.5, 1.75, 2.0, 3.0, and 4.0
M NaCl and the 1-ml fractions were collected. A 50-ml portion of
each fraction was mixed with 50 ml Laemmli sample buffer and
analyzed by SDS±PAGE and silver staining.MATERIALS AND METHODS
Sucrose density gradient sedimentation of FSP. EJ was digested
overnight with 0.1 mg/ml proteinase K (Sigma) in SW containing 10
Gametes, collection of egg jelly, scoring of acrosome reactions. mM NaN3/1% b-mercaptoethanol (377C). The sample was dialyzed
Adult S. purpuratus were injected with 0.5 M KCl and eggs spawned (12,000±14,000 Mr cutoff membrane) into SW containing 10 mM
into 50-ml beakers ®lled with ®ltered seawater (SW). Sperm were NaN3 and concentrated using a Centricon 100 concentrator device
collected as undiluted semen and stored on ice. The supernatant (Amicon, Beverly, MA) to 380 mg hexose/ml. A 0.5-ml portion of the
over the settled eggs was aspirated away and the beaker was ®lled concentrate was made 3% w/v in the dialyzable detergent Zwitter-
to 40 ml with fresh SW (237C). Egg jelly was solubilized by stirring gent 3-10 (Calbiochem, La Jolla, CA) and 5% b-mercaptoethanol,
the egg suspension by hand and monitoring the pH with a combina- boiled for 5 min, and loaded on a 12.5-ml gradient of 5±55% sucrose
tion electrode during dropwise addition of 0.1 N HCl. The suspen- in SW/3% Zwittergent 3-10/5% b-mercaptoethanol, which was cen-
sion was stirred 2 min at pH 5.0 and then readjusted to pH 8.0 by trifuged 16 h (207C) in a Beckman SW41 rotor at 200,000g. Following
addition of 0.1 N NaOH. The suspension was poured into a 50-ml centrifugation, 13 1-ml fractions were collected, 50 ml was removed
tube and the eggs were sedimented by gentle hand centrifugation. from each fraction for SDS±PAGE analysis, and the remainder was
dialyzed into SW and assayed for hexose and AR induction.The supernatant was removed with a pipette and centrifuged
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Miscellaneous procedures. Seven milligrams of REJ protein
was puri®ed from the 200,000g supernatant of sperm membrane
vesicles by wheat germ agglutinin af®nity chromatography (Moy
et al., 1996) and coupled to 3 ml Af®gel 15 following the manufac-
turer's directions (Bio-Rad, Richmond, CA). Three milliliters of
Af®gel without REJ was processed in parallel as a control column.
EJ pooled from several females was carboxymethylated (Matsu-
daira, 1989), dialyzed into SW, and centrifuged 180,000g for 1 h,
and the supernatant was applied to the REJ±Af®gel and control
af®nity columns. Both columns were washed with 30 vol SW and
increasing NaCl in SW was applied in 0.2 M steps up to 2.0 M (two
1-ml portions per step). A portion of each eluted 1-ml fraction was
analyzed by SDS±PAGE and silver staining. Fractions containing
FSP were pooled and concentrated using a Centricon 50 and the
samples were rerun on a second SDS±PAGE gel and tested for
acrosome reaction induction. Fucose and total monosaccharides
were quantitated by measuring total hexose by a modi®cation of
the Dubois et al. (1956) procedure. This modi®cation increases the
reproducibility and sensitivity of the assay. Brie¯y, 0.1 ml sample
is placed in an acid-cleaned glass tube, 0.1 ml of 5% v/v aqueous
phenol is added, the tube is vortexed, and 1.0 ml concentrated
FIG. 1. Egg jelly isolated from 11 individual females was separatedsulfuric acid (reagent grade, anhydrous) is added while the tube is
by SDS±PAGE on a 2.5±15% gradient gel and silver stained. Thecontinuously vortexed. Maximum color development occurs
30,000g seawater supernatant of EJ was mixed with an equal vol-within 2 min (237C); the absorption at 487 nm is determined in
ume of Laemmli sample buffer and boiled 5 min before loading.glass cuvettes using fucose as a standard. Protein was determined
Optimal separation occurred at hexose concentrations ¢2 mg (1.5-by the BCA assay with bovine serum albumin as standard (Pierce
mm-thick gels). The entire length of the gel is shown with everyChemical Co., Rockford, IL). Sialic acid was determined by the
other lane numbered. The triangle in every other lane marks thethiobarbituric acid assay (Spiro, 1966). Monosaccharide analysis
position of FSP. Brackets in lane 7 indicate the sialoglycoprotein.was performed by the UCSD Glycobiology Core Facility and amino
Molecular mass standards are marked by dots on the left-hand mar-acid analysis was performed by the Stanford University Protein
gin of lane 1, from top to bottom they are 205, 116, 94, 67, 45, andand Nucleic Acid Facility. The decapeptide, speract, was purchased
30 kDa. The molecular mass of FSP was not determined in thisfrom Peninsula Laboratories (Burlingame, CA).
study; however, others report estimates of one million (SeGall and
Lennarz, 1979; Christ, 1994; Alves et al., 1997).
RESULTS
1. Macromolecules of EJ and Electrophoretic
Isotypes of FSP
stained. The majority of females possessed only one FSPTo determine the macromolecular composition of EJ, to-
isotype (Fig. 2). Lanes marked ``M'' are the same sampletal EJ isolated from eggs of 11 females was separated by
containing both slow and fast isotypes. Toluidine blueSDS±PAGE on a gradient gel which was silver stained (Fig.
staining bands were never found between the two FSP iso-1). Each EJ isolate had a unique composition of macromole-
types. Forty females yielded EJ of the fast and 22 of the slowcules, ranging from approximately 20 to 500 kDa. Previous
FSP isotype. Nine females had both FSP isotypes. Of thesework had shown that the band marked with a triangle in
9, only 1 female had equal amounts of both isotypes asevery other lane is FSP (Keller and Vacquier, 1994; Bonnell
determined by toluidine blue staining, 6 had a predomi-et al., 1994). The sialic acid elution pro®le from DEAE cellu-
nance of the slow isotype, and 2 had a predominance of thelose suggests that the broadly smearing band above FSP
fast FSP isotype.(brackets in lane 7) is the previously identi®ed sialic acid-
To test if acid dejellying of eggs produced either FSP iso-rich glycoconjugate (SeGall and Lennarz, 1979; Alves et al.,
type, eggs from individual females were divided into three1997). With the exception of FSP, the nature of the other
lots. One lot was mechanically dejellied by pouring the eggcomponents in EJ remains unknown.
suspension through a 100-mm nytex net. Another lot wasCloser observation of the FSP bands in Fig. 1, lanes 6, 8,
subjected to pH 5 for 2 min before readjustment to pH 7.8.and 11, suggests that they are faster migrating than the FSP
The ®nal lot was held at pH 4.5 for 30 min before readjust-bands in the other eight lanes, indicating possible composi-
ment to pH 7.8. Toluidine blue staining of SDS±PAGE gelstional, size, or charge differences. Because of its high nega-
showed that the three methods produced the same electro-tive charge density, FSP is the only component of EJ staining
phoretic isotype, either fast or slow depending on the femalewith toluidine blue (Keller and Vacquier, 1994). Individual
(data not shown). Therefore, the method of dejellying eggsEJ isolates, each from a different female, were electropho-
resed on a 5% SDS±PAGE gel which was toluidine blue does not produce either FSP isotype.
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The fractions from Fig. 4A were dialyzed into SW and
assayed for protein, sialic acid, and hexose (Fig. 4B). The
protein concentration peaked in the second 0.3 M NaCl
fraction remained high through the second 0.5 M fraction
and then dropped close to background levels after the sec-
ond 0.7 M fraction (lane 7). The sialic acid peak eluted at
between 0.4 and 0.7 M NaCl. Total hexose was low in frac-
tions eluting between 0.4 and 0.8 M NaCl, but exhibited a
substantial rise in fractions eluting between 1.25 and 3.0 M
NaCl as the FSP eluted (Fig. 4A, lanes 11±15). It is signi®-
cant to note that AR-inducing activity was found only in
FIG. 2. The fast and slow migrating isotypes of FSP as seen by
the FSP-containing fractions (Fig. 4C; 94% reacted spermtoluidine blue staining of a 5% SDS±PAGE gel of whole EJ run 1.5
in the 1.5 M NaCl fraction).times the time needed for the front to run off the gel (50% Laemmli
Puri®cation of both FSP electrophoretic isotypes was per-electrophoresis buffer). EJ from four individual females of the slow
formed using the large volume wash protocol given underisotype and four females of the fast isotype. The lanes marked
Materials and Methods. After the ®nal wash in 100 ml ofM represent a mixture of EJ from fast and slow isotype females.
Intermediate bands are never seen. Loads EJ per lane were between 0.7 M NaCl, 1-ml portions of 2 M NaCl in column buffer
approximately 0.5 and 3.0 mg hexose. (containing 6 M urea and 4% b-mercaptoethanol) were used
to elute the DEAE. The coelution of both FSP isotypes indi-
cates they possess similar high negative charge density (data
not shown).
2. Both FSP Isotypes Bind to Sperm REJ Protein
Previous work had indicated that the puri®ed REJ protein 4. 138- and 82-kDa EJ Glycoproteins and AR
had species-speci®c af®nity for EJ dotted onto nitrocellulose Induction
(Podell and Vacquier, 1985). The following experiment was Previously, our laboratory presented evidence that EJ gly-
performed to test whether REJ, immobilized on agarose coproteins of 138 and 82 kDa contained the AR-inducing
beads, had af®nity for FSP. EJ was applied to an REJ±Af®gel
column and control Af®gel column containing no coupled
protein. Both columns were washed and eluted as given
under Materials and Methods. Application of an additional
1.6 M NaCl in SW eluted both isotypes of FSP from the
REJ±Af®gel column (Fig. 3), but not from the control col-
umn (data not shown). No other silver staining bands eluted
from either column. Under these conditions FSP is the only
EJ component binding sperm REJ.
3. DEAE Cellulose Chromatography of EJ
Macromolecules
Previous work had shown that FSP could be fractionated
by DEAE ion exchange chromatography, but silver-stained
gels of such column pro®les had never been presented (Len-
narz and Segall 1979; Alves et al., 1997). Whole EJ was
fractionated using a 5-ml DEAE cellulose column and two
1-ml elutions at each increasing salt concentration as given
under Materials and Methods in the ``small volume'' elution
protocol. Under these conditions, all components of EJ bind
to DEAE. The two 1-ml fractions were collected separately
at each molarity of NaCl; electrophoresis of every other
fraction is shown in Fig. 4A. Silver staining components
begin to elute at 0.3 M NaCl (lane 3). FSP (F) begins to elute
FIG. 3. Both FSP isotypes bind to REJ±Af®gel. Left panel, entireat 1.25 M NaCl (lane 11); the fractions eluting at and above
length of gel, of whole EJ (a) and FSP (b) eluted from REJ±Af®gel by
1.5 M NaCl (lane 12) were essentially pure FSP (tests 1.6 M NaCl added to SW. Right panel, enlargement of the FSP region
showed the doublet bands at 55 kDa were mammalian kera- of right panel, whole EJ (a) and the two FSP isotypes (b) shown as
tins). The total EJ used as the starting material in this exper- negatively silver-staining bands. Approximate load on lane b was
iment (Fig. 4A, lane 2) lacked the components above 200 0.3 mg hexose. F, FSP. No component of EJ bound to a control column
of af®gel blocked with ethanolamine (data not shown).kDa seen in the samples in Fig. 1.
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FIG. 4. DEAE-cellulose chromatography of macromolecules of EJ using the ``small volume'' elution protocol. (A) SDS±PAGE silver-
stained 2.5±15% gradient gel of the fractions eluting from DEAE by increased NaCl concentrations. Two 1-ml portions at each NaCl
concentration were used to elute the 5-ml bed of DEAE. A sample of the second fraction of each NaCl molarity was used for electrophoresis.
Every other lane is numbered. Lane 1, molecular mass standards as given in the legend to Fig. 1. Lane 2, total EJ loaded on the DEAE;
lane 3, material eluting in 0.3 M; lane 4, 0.4 M; lane 5, 0.5 M; lane 6, 0.6 M; lane 7, 0.7 M; lane 8, 0.8 M; lane 9, 0.9 M; lane 10, 1 M;
lane 11, 1.25 M; lane 12, 1.5 M; lane 13, 1.75 M; lane 14, 2.0 M; and lane 15, 3.0 M NaCl. K on right margin, keratins at 55 kDa; F, FSP.
(B) Distribution in mg/ml (y axis) of protein (l), sialic acid (m) and hexose (s) in the fractions shown in A. Numbering on x axis corresponds
to lanes (fractions) shown in A. Data from both 1-ml fractions at each NaCl concentration are shown. Peak protein was in the second 0.3
M NaCl eluate; peak sialic acid in the second 0.5 M NaCl eluate; and peak fucose in the 1.5 M NaCl eluate. (C) The AR activity in EJ
elutes from the DEAE column coincident with the elution of hexose representing the FSP (x axis). y axis, percentage AR; maximum AR
was 94% (200±800 sperm scored per data point).
activity and that isolated FSP was noninductive (Keller and ing of duplicate gels of the control (lane c) and trypsin-
digested sample (lane d).Vacquier, 1994). The following experiment was performed
to reconcile the issue of these two glycoproteins. Silver- The trypsin-digested and control EJs were adjusted to
equal hexose concentrations and assayed for AR induction.stained gels of whole EJ from individual females showed
the 138/82-kDa components to be absent from some EJ iso- The data (Fig. 5B) represent the averages of three experi-
ments, each with sperm from a different male. In the rangelates. In those isolates in which the two glycoproteins were
found, their quantities were variable; an occasional EJ iso- of hexose concentrations where percentage AR is linear
when plotted against log micrograms of hexose per millili-late had substantial amounts of both. One such EJ isolate
was treated with trypsin; the samples were heated 757C (30 ter, the trypsinized sample exceeded the speci®c activity of
the whole EJ control (in all three sperm isolates). Averagingmin) to denature the trypsin and then dialyzed into SW
(50-kDa cutoff membranes). Samples were taken for SDS± the three experiments, in the trypsinized sample, 50% AR
occurred at a hexose concentration of 5.75 mg/ml, comparedPAGE and AR induction. The silver-stained gel of the con-
trol sample shows prominent bands at 138/82 kDa (Fig. 5A, to 11.22 mg/ml in the undigested EJ control (Fig. 5B). Thus,
on the basis of hexose, the trypsinized sample had approxi-lane a). Following trypsin digestion, the 138/82-kDa bands
are completely absent (lane b). The FSP band remained unal- mately twice the speci®c activity as whole EJ. At hexose
concentrations above 1.6 log mg/ml (40 mg hexose/ml), thetered by trypsin digestion as shown by toluidine blue stain-
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FIG. 5. The 138-kDa/82-kDa EJ glycoproteins do not induce the sperm AR. (A) EJ isolated from a single female with substantial amounts
of the 138-kDa/82-kDa glycoproteins (lane a) was digested with trypsin, boiled, dialyzed into SW, and tested for AR induction on the
basis of hexose concentration. SDS±PAGE and silver staining showed that these two glycoproteins, and all other macromolecular compo-
nents, were no longer present (lane b). However, there was no difference in the toluidine blue staining of the FSP bands in both the control
(lane c) and trypsinized samples (lane d). (B) The control and trypsinized samples were tested on three sperm batches for their ability to
induce the AR. With all three males the speci®c activity of the trypsinized sample (l) was greater than the undigested control (s). In the
trypsinized sample, 50% AR (y axis) occurred at 5.75 mg hexose/ml, whereas in the undigested control 50% AR occurred at 11.22 mg
hexose/ml (x axis). (C) Addition of 2.5 mM speract did not increase the percentage AR induced by the trypsinized sample in the panel.
(l), plus speract; (s) no speract.
control sample was more active than the trypsinized sam- fuged 200,000g for 16 h in a sucrose density gradient. The
resulting 13 1-ml fractions were sampled for SDS±PAGEple, yielding a maximum of 91% reacted sperm, whereas
analysis and the remainder were dialyzed into SW. Eachthe trypsinized sample maximum was 75% AR.
fraction was tested for hexose concentration and ability toSuspecting the reduction in maximal obtainable percent-
induce the AR. Silver-stained SDS±PAGE gels of the 13age AR by the trypsinized sample was caused by loss of the
fractions showed that FSP was the only component in thesperm-activating peptide speract (Garbers, 1989; Yamagui-
fractions; the peak concentrations were in fractions 4±8chi et al., 1989; Hoshino et al., 1992; Suzuki, 1995), we
(Fig. 6A). Hexose concentration corresponded to the posi-tested the ability of the trypsinized sample to induce the
tion of the FSP-containing fractions (Figs. 6A and 6B). Acro-AR in the presence and absence of 2.5 mM speract. The data
some reaction-inducing activity was coincident with hex-(Fig. 5C) show that speract did not increase AR induction
ose concentration in the gradient fractions (Fig. 6B).of the trypsinized EJ sample, maximal percentage AR being
To test if speract could increase percentage AR obtainedapproximately 80% with or without the EJ peptide.
using the FSP shown in Fig. 6A, fractions (lanes) 5±7 were
divided into a series of tubes and speract was added to one5. Sedimentation of Proteinase K-Digested FSP and set at concentrations ranging from 10 mM to 1 nM. There
AR Induction was no increase over the no-speract controls in percentage
EJ was digested with proteinase K, boiled 5 min in 3% AR observed with the proteinase K-digested, sucrose gradi-
ent-puri®ed, FSP (data not shown).w/v Zwittergent 3-10 (zwitterionic detergent), and centri-
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TABLE 2
Amino Acid Analysis of Puri®ed FSP
nmol AA per sample
1. 27.3 nmole hexose FSP 49 50 (slow) 1.73
2. 12.0 nmole hexose FSP 53 55 (fast) 1.44
DEAE buffer blank 1.70
Empty tube blank 1.16
3. 76.2 nmole hexose FSP 74 (slow) 2.94
DEAE column blank 3.02
Amino acid composition of puri®ed FSP was also deter-
mined. Contamination from equipment and chemicals was
a considerable problem, since contaminants readily bind to
FSP due to its high negative charge density. To obtain FSP
samples with negligible amino acids, the EJ sample was
trypsinized and isolated on DEAE cellulose using the large
volume elution protocol including 6 M urea and 4% b-mer-
captoethanol. Control samples such as empty tubes, DEAE
FIG. 6. Sucrose density gradient sedimentation of FSP following column blanks and buffer samples were analyzed in parallel.
proteinase K digestion. Following centrifugation, 1-ml fractions The two fast isotype isolates from Table 1 were combined
were collected and analyzed by SDS±PAGE (5% gel), and for hexose (as were the two slow isotypes) to have ample amounts of
and AR induction. (A) SDS±PAGE gel analysis of sucrose gradient
each isotype. The data (Table 2), representing ®ve isolatesfractions shows that FSP is most concentrated in fractions 5±7
of puri®ed FSP, indicate that there are no amino acids in(bottom of gradient on left). (B) Hexose concentration mg/ml (s) on
puri®ed FSP above background contamination.right vertical axis; percentage AR (l) on left vertical axis. Percent-
age AR represents the average of two experiments, 200±800 sperm
scored per data point.
7. Potency of FSP Isotypes to Induce the Sperm AR
Discovery of two FSP isotypes raised the question of
6. Compositional Analysis of EJ and Puri®ed FSP whether they are equally potent as AR inducers. FSP was
puri®ed from two isolates of each isotype by trypsin diges-The monosaccharide composition of whole EJ of both FSP
isotypes and of puri®ed FSP was determined. The data (Ta- tion followed by DEAE chromatography (large volume pro-
tocol). Seven individual males were tested with these fourble 1) show that the mole% fucose in whole EJ was 60.9
and 71.5 in the two slow FSPs and 15.3 and 48.6 mole% in puri®ed FSPs. The data for the two fast (or two slow) FSPs,
assayed with sperm from the same 7 males, were averagedthe two fast FSPs (the average of all four being 49.1 mole%).
The sample of FSP shown in Fig. 5, lanes b and d, puri®ed so that each data point represents 14 individual AR determi-
nations at each hexose concentration (each point representsby trypsin digestion followed by dialysis into SW, was 94
mole% fucose. The sample of puri®ed FSP shown in Fig. 4, the scoring of 1300±3200 sperm). Plotted as percentage AR
vs log mg hexose/ml, the fast FSP, and slow FSP plots arelane 12, was 97 mole% fucose.
TABLE 1
Monosaccharide Analysis of EJ and Puri®ed FSP
Mole %
Sample Fuc GalNH2 GlcNH2 Gal Glc Man
EJ 49 (slow) 60.9 3.0 4.6 4.4 12.3 14.8
EJ 50 (slow) 71.5 3.3 4.8 3.4 4.0 12.7
EJ 53 (fast) 15.3 15.3 0.8 14.9 18.6 35.1
EJ 55 (fast) 48.6 3.9 3.8 5.9 14.2 23.6
Puri®ed FSP 16 (slow) 94.0 1.5 1.5 3.0 0.0 0.0
Puri®ed FSP 10 (fast) 97.0 1.0 0.0 2.0 0.0 0.0
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DISCUSSION
1. Previous Work Analyzing EJ
SeGall and Lennarz (1979) found that all AR inducing
activity fractionated with FSP. Monosaccharide analysis
showed that S. purpuratus FSP was 93% fucose and sulfate
with a molar ratio of 1.4 sulfates per fucose; it contained
4% protein by weight. The molecular mass of FSP was ap-
proximately one million. Their experiments showed that
the species speci®city of AR induction must reside in the
fucose linkages and/or patterns of FSP sulfation (SeGall and
FIG. 7. Both electrophoretic FSP isotypes are almost equally potent
at AR induction. Two fast (l) and two slow (s) FSP samples were
isolated by trypsin digestion followed by DEAE chromatography
(large volume protocol). The four FSP samples were tested for AR-
inducing activity using sperm from seven different males (x axis, log
mg/ml hexose; y axis, percentage AR). The data from the two fast
(or two slow) FSPs were averaged, so that each data point represents
the average of 14 AR determinations at each FSP (hexose) concentra-
tion. Each data point represents the scoring of 1300±3200 sperm.
These samples were used for the analysis in Tables 1 and 2.
linear (Fig. 7). Forty percent AR occurred at 5.0 mg hexose/
ml for the fast isotype and 6.5 mg hexose/ml for the slow
isotype. Thus, the two isotypes are nearly identical in po-
tency as AR inducers.
The seven sperm isolates used in Fig. 7 showed individual
variability in the concentration dependency of AR induc-
tion. The FSP concentration dependency for the seven
sperm batches used in Fig. 7 was replotted as shown in Fig.
8. Here, each line represents the average percentage AR of
one sperm isolate reacted separately with two puri®ed slow
(Fig. 8A), or two puri®ed fast (Fig. 8B), FSPs (each data point
represents the scoring of between 200 and 800 sperm). A
large variation in the response of sperm from individual
males is apparent. The rank order of the individual males
was similar for both isotypes of FSP. For example, male No.
15 yielded 12 and 20% AR at the highest concentration of
FSP used, whereas, at the same FSP concentration, male FIG. 8. Sperm from individual males differs in AR inducibility by
No. 12 yielded 95% of AR. Positive controls, in which these puri®ed FSPs. The data were replotted as percentage AR (y axis)
individual sperm isolates were exposed to concentrated, un- versus FSP hexose concentration (x axis). Each line is the average
for the two fast (or two slow) FSPs for each male. Each data pointfractionated EJ showed that male No. 15 yielded 83% AR
represents the scoring of 200±800 sperm. At equivalent, limitingand male No. 12 yielded 100% AR. The adult males used
concentrations of hexose there is a wide variation in the ability ofin the experiments shown in Figs. 7 and 8 were collected
sperm from different males to AR in response to puri®ed FSP. Atfrom the same population at the same time and maintained
the highest concentrations used here, male No. 15 yielded 12 andunder identical conditions. Spawning, storage, and handling
20% AR, whereas male No. 12 yielded 95% AR. To check the
of the spawned dry sperm and assay for the AR were identi- ability of sperm isolates to AR, sperm from each male was tested
cal for each sperm isolate. We conclude from these data with a concentration of whole EJ much higher than shown on the
that a quantitative individual variation exists in the ability x axis. The results in percentage AR were: male 12, 99 and 100%;
of sea urchin sperm to undergo the AR in response to treat- 13, 88%; 14, 98%; 15, 83%, 16, 93 and 88%; 17, 93 and 100%; 18,
99 and 95%.ment with puri®ed FSP.
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Lennarz, 1979; 1981). Research subsequent to their's indi- with lower mass glycopeptides (Keller and Vacquier, 1994).
Individual males show quantitative differences in the sensi-cated that FSP was tightly complexed with protein which
contributed potency to AR induction. For example, FSP iso- tivity of AR induction by puri®ed FSP. Puri®ed FSP does
not contain amino acids above background contaminationlated from S. purpuratus EJ by CsCl gradient centrifugation
contained between 1.8 and 29% protein. Its ability to induce (Table 2).
increases in sperm cAMP correlated with protein content
(Garbers et al., 1983). Work on the Japanese species, Hemi-
3. FSP as the AR Inducer of EJcentrotus pulcherrimus, showed that pronase digestion of
EJ decreased AR induction by 50%. The sperm activating Figure 1 shows that, in addition to FSP, there are many
macromolecules in EJ. The origin of these molecules andpeptide, speract, restored complete AR-inducing activity
(Yamaguchi et al., 1989). EJ of this species contained pro- their effects on sperm physiology remain unknown. They
may have importance in keeping the FSP from dissociatingteins of 258, 237, and 120 kDa complexed by disul®de bonds
with FSP. Full AR activity only occurred when the three from the egg before fertilization. Ultrastructurally, the EJ is
a tightly interwoven meshwork of ®brous macromoleculesproteins were present with FSP (Shimizu et al., 1990; Su-
zuki, 1995). Another group isolated FSP and showed that (Bonnell et al., 1994).
One important ®nding of this paper is the existence ofAR-inducing activity was completely destroyed by pronase
digestion (Mikami-Takei et al., 1991). two electrophoretic isotypes of FSP and that the majority
of females produce eggs with only one isotype. The geneticsWe previously used gel ®ltration to fractionate EJ; AR-
inducing activity was only found in a fraction containing of these isotypes remains to be elucidated. The isotype dif-
ference may involve different sulfotransferases used in sul-two glycoproteins of 138 and 82 kDa. DEAE chromatogra-
phy separated the 138- and 82-kDa glycoproteins from other fation of fucose residues. Both FSP isotypes bind to the REJ
protein of sperm (Podell and Vacquier, 1985; Moy et al.,components; again, only these two glycoproteins possessed
AR-inducing activity. Our conclusion, which is herein re- 1996). REJ contains two C-type lectin carbohydrate recogni-
tion domains (CRDs), each 120 residues in length, the twotracted, was that puri®ed FSP had no AR-inducing activity;
all activity resided in the 138 kDa/82 kDa-containing frac- being separated by a 14-residue spacer sequence (Moy et al.,
1996). The two CRDs are only 50% identical, indicatingtion (Keller and Vacquier, 1994). There are many explana-
tions for how our erroneous data leading to these incorrect that they have undergone considerable divergence. Hypo-
thetically, each CRD could be speci®c for binding one FSPconclusions could have been obtained. The precise reasons
may never be known. However, the data presented herein isotype, occupancy of only one CRD being suf®cient for AR
induction. The discovery of two FSPs in one sea urchinare clear, direct, and in support of the hypothesis that FSP
is the only AR inducer in EJ of S. purpuratus (SeGall and species underscores the concept that genetic variation in
gamete recognition molecules might be part of the evolu-Lennarz, 1979).
tionary process leading to reproductive isolation and thus
new species (Palumbi, 1994; Vacquier et al., 1995, 1997).
2. Summary of the New Data Fractionation of EJ by DEAE chromatography puri®es FSP
to homogeneity (Fig. 4). Purifying FSP away from peptideThis study reports the following novel data about sea
urchin EJ and its FSP component. Individual female S. pur- components on DEAE requires 6 M urea/4% b-mercapto-
ethanol. Protease digestion of EJ, followed by either DEAEpuratus contain different complements of macromolecules
in their EJs (Fig. 1). The EJ of this species has two electropho- chromatography or sucrose density gradient centrifugation
in detergent, yields FSP which induces 95% AR (Fig. 8).retic FSP isotypes; individual females usually yield eggs
having only one of the two isotypes (Fig. 2). Both FSP iso- Others have found a maximum of 50% AR following prote-
ase digestion of EJ (Ishihara and Dan, 1970; Yamaguichi ettypes bind to puri®ed REJ, the sperm membrane protein
implicated in regulating ion channel activation underlying al., 1989; Keller and Vacquier, 1995). Our higher percentage
AR with puri®ed FSP may be due to the separation andAR induction (Fig. 3; Moy et al., 1996). Both FSP isotypes
are approximately equivalent in AR-inducing potency (Fig. elimination during DEAE chromatography and sucrose den-
sity gradient centrifugation of peptides released from EJ that7). Silver-stained SDS±PAGE gels of DEAE column frac-
tions show that AR activity is only associated with FSP- may bind to FSP and block it from binding sperm REJ to
induce the AR.containing fractions (Figs. 4A±4C). Both FSP isotypes elute
together from DEAE, showing they are chemically similar. Averaging values in Table 1 shows that EJ is 49 mole%
fucose; thus, about half the monosaccharides in EJ are fu-Based on hexose, FSP puri®ed by trypsin digestion followed
by dialysis has twice the AR-inducing activity of whole EJ cose. Figure 5B shows that 50% AR occurred at 5.75 mg
hexose/ml in the puri®ed FSP fraction and 11.22 mg hexose/(Figs. 5A and 5B). This agrees with the 49% average mole
percent fucose in whole EJ (Table 1) and suggests that FSP ml in the whole EJ control, about a twofold enrichment
in speci®c activity. Previous analysis showed 100% of theis the only AR inducer in EJ. Sucrose density gradient cen-
trifugation of proteinase K-digested EJ, boiled in detergent monosaccharides in FSP were fucose (Keller and Vacquier,
1994). Averaging that number with the two presented hereand mercaptoethanol, shows that AR activity comigrates
with the high molecular mass FSP (Figs. 6A and 6B) and not (Table 1) yields FSP as 97% fucose. These data suggest that
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sperm receptor activity. Proc. Natl. Acad. Sci. USA 85, 6778±FSP is the major, if not the only, AR inducer in EJ of this
6782.sea urchin species. In contrast to other reports (Yamaguichi
Bonnell, B. S., Keller, S. H., Vacquier, V. D., and Chandler, D. E.et al., 1989; Hoshino et al., 1992), we found no increase in
(1994). The sea urchin egg jelly coat consists of globular glycopro-AR activity upon addition of speract to FSP. This agrees
teins bound to a ®brous fucan superstructure. Dev. Biol. 162,with our previous report that the sperm-activating peptide
313±324.
of Arbacia punctulata EJ does not increase the percentage Christ, M. D. (1994). ``The Structural Characterization of Fucan
AR (Ward et al., 1986). Sulfate from Sea Urchin by NMR Spectroscopy and Methylation
Analysis.'' Ph.D. dissertation, University of California, Irvine.
Darszon, A., Lievano, A., and Beltran, C. (1996). Ion channels: Key4. Chemistry of FSP elements in gamete signaling. Curr. Top. Dev. Biol. 34, 117±167.
Dubois, M., Gilies, J. A., Hamilton, J. K., Rebers, P. A., and Smith,FSP, isolated from pooled S. purpuratus EJ is a homopoly-
F. (l956). Colorimetric method for determination of sugars andmer of (1 r 3)-a-L-linked fucose (Christ, 1994). Thus, FSP
related substances. Anal. Chem. 28, 350±356.isotypes must differ in size or pattern of sulfation as pre-
Foltz, K. R. (1995). Sperm-binding proteins. Int. Rev. Cytol. 163,dicted by SeGall and Lennarz (1979). We found that both
249±303.
FSP isotypes cosediment in sucrose gradients, indicating Garbers, D. L., Kopf, G. S., Tubb, D. J., and Olson, G. (1983). Eleva-
that they are of similar size (data not shown) and suggesting tion of sperm adenosine 3*:5*-monophosphate concentrations by
that fucose sulfation is what differentiates them. Recently, a fucose±sulfate-rich complex associated with eggs: 1. structural
FSP was isolated from three species of sea urchins and its characterization. Biol. Reprod. 29, 1211±1220.
structure determined (Alves et al., 1997). All three species Garbers, D. L. (1989). Molecular basis of fertilization. Annu. Rev.
Biochem. 58, 719±742.yielded a different FSP structure. Lytechinus variegatus FSP
Hoshino, K., Shimizu, T., Sendai, Y., Harumi, T., and Suzuki, N.is a homofucan of (1 r 3)-linked a-L-fucose with a regular
(1992). Differential effects of the egg jelly molecules FSG andtetrasaccharide repeat unit, the fucose sulfation pattern be-
SAP-1 on elevation of intracellular Ca2/ and pH in sea urchining (2 r 4 r 2, 4 r 2)n . Arbacia lixula FSP is a regular
sperm. Dev. Growth Differ. 34, 403±411.tetrasaccharide repeat unit of (1 r 4)-linked a-L-fucose with
Ishihara, K., and Dan, J. C. (1970). Effects of chemical disruptionthe ®rst two fucose rings sulfated on the 2-position and
on the biological activities of sea urchin egg jelly. Dev. Growth
the third and fourth rings being unsulfated. In Echinometra Differ. 12, 179±187.
lucunter, the AR inducer is a homopolymer of 2-sulfated, Keller, S. H., and Vacquier, V. D. (1994). Isolation of acrosome-reac-
(1 r 3)-linked a-L-galactan. These sulfated polysaccharides tion-inducing glycoproteins from sea urchin egg jelly. Dev. Biol.
of EJ are all species-speci®c inducers of the sea urchin sperm 162, 304±312.
AR , which supports the earlier hypothesis that the species Keller, S. H., and Vacquier, V. D. (1995). N-linked oligosaccharides
of sea urchin egg jelly induce the sperm acrosome reaction. Dev.speci®city of AR induction must reside in fucose linkage,
Growth Differ. 36, 551±556.or sulfation pattern (SeGall and Lennarz, 1979, 1981). The
Laemmli, U. K. (1970). Cleavage of structural proteins during theS. purpuratus FSP, most likely representing both electro-
assembly of the head of bacteriophage T-4. Nature 277, 680±685.phoretic isotypes, is 73% 4-sulfo-fucose (Christ, 1994). Our
Matsudaira, P. T. (1989). ``A Practical Guide to Protein and Peptidework provides conclusive evidence that FSP is the AR in-
Puri®cation for Microsequencing.'' Academic Press, San Diego.ducer of sea urchin EJ. In this regard, it is of interest to
Mikami-Takei, K., Kosakai, M., Isemura, M., Suyemitsu, T., Ishi-note that in the mouse sperm cell, the AR is induced by
hara, K., and Schmid, K. (1991). Fractionation of jelly substance
carbohydrate components of the egg envelope (Bleil and of the sea urchin egg and biological activities to induce the acro-
Wassarman, 1988). some reaction and agglutination of spermatozoa. Exp. Cell Res.
192, 82±86.
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